Abstract: Gene and drug therapies are being developed to alleviate vision loss in patients with Stargardt's disease and age-related macular degeneration (AMD). To evaluate the therapeutic effects of these treatments, organic solvents are routinely used to extract and quantify bisretinoid lipofuscin constituents, such as N-retinylidene-N-retinylethanolamine (A2E) and all-trans-retinal dimer (ATR-dimer). By high-performance liquid chromatography (HPLC), we found that A2E and ATR-dimer were both altered by tetrahydrofuran (THF) and chloroform, but were stable in dimethyl sulfoxide (DMSO) or methanol (MeOH). In addition, cyclohexane and ethanol (EtOH) did not alter ATR-dimer, whereas an alteration of A2E occurred in EtOH. On the basis of these findings, we designed processes II-IV, generated by modifications of process I, a routine method to measure bisretinoid compounds in vivo. Extra amounts of either ATR-dimer or A2E in mouse eyecups were released by processes II-IV versus process I. Efforts to clarify the effects of organic solvents on lipofuscin pigments are important because such studies can guide the handling of these fluorophores in related experiments.
Introduction
Fluorescent bisretinoids accumulate as lipofuscin in retinal pigment epithelial (RPE) cells of the eye in an age-dependent manner, and are considered to be implicated in the pathogenesis of Stargardt's disease (Shroyer et al., 1999; Weng et al., 1999) and agerelated macular degeneration (AMD) (Sparrow and Boulton, 2005) . These fluorophores are derived from random reactions of all-trans-retinal (ATR), the retinoid that is generated from a photon of lightmediated isomerization of 11-cis-retinal, the inherent chromophore of visual pigment (rhodopsin). Currently, at least nine bisretinoid constituents have been identified in RPE lipofuscin, (Fig. 1a) , isoA2E, N-retinylidene-N-retinyl-phosphatidylethanolamine (A2PE), , N-retinylidene-N-retinyldihydropyridine-phosphatidylethanolamine (A2-DHP-PE), N-retinylidene-N-retinyl-dihydropyridineethanolamine (A2-DHP-E), all-trans-retinal dimer (ATR-dimer) (Fig. 1b) , all-trans-retinal dimerphosphatidylethanolamine (ATR-dimer-PE) (Fig. 1c) , and all-trans-retinal dimer-ethanolamine (ATRdimer-E) ( Fig. 1d) (Parish et al., 1998; Ben-Shabat et al., 2002; Yamamoto et al., 2011; Wu et al., 2013) . The non-enzymatic biosynthetic pathways leading to the formation of A2E and ATR-dimer have, at least in part, been elucidated, and for these two molecules, biogenesis begins in photoreceptor cells (Liu et al., 2000; Ben-Shabat et al., 2002; Fishkin et al., 2005) . When discarded photoreceptor outer segments are phagocytosed by RPE cells, the bisretinoid precursors are deposited into the lysosomal compartment of the cells where phospholipase-D activity can remove phosphatidic acid from A2PE to release A2E and from ATR-dimer-PE to yield ATR-dimer-E (Ben-Shabat et al., 2002; Kim et al., 2007; Sparrow et al., 2008; Wu et al., 2013) . Evidence from several fronts indicates that excessive accumulation of A2E in vitro can mediate detergent-like effects on cell membranes (Sparrow et al., 1999) , and lead to the alkalinization of lysosomes (Holz et al., 1999) and detachment of pro-apoptotic proteins from mitochondria (Suter et al., 2000) . In addition, illumination of A2E-laden RPE cells with blue light can damage DNA in RPE cells and cause RPE cell death (Sparrow et al., 2000; . By comparison with A2E, not only is ATR-dimer a more efficient generator of singlet oxygen, but the aldehyde-containing pigment is more reactive with singlet oxygen (Kim et al., 2007) . Inadvertent amassing of lipofuscin granules in RPE cells is not a feature of cell aging alone. Remarkably, excessive amounts of these pigments are also present in RPE cells of people with some inherited retinal disorders caused by mutations in ABCA4 (Allikmets et al., 1997) , the gene that encodes a photoreceptorspecific adenosine triphosphate (ATP)-binding cassette transporter (Sun et al., 1999; Ahn et al., 2000) . These ABCA4-related retinal disorders include Stargardt's disease, retinitis pigmentosa, and cone-rod dystrophy (Shroyer et al., 1999; Weng et al., 1999; Wu et al., 2010) . Elevated lipofuscin levels also feature in mouse models that mimic ELOVL4-related autosomal dominant macular dystrophy (Vasireddy et al., 2009) and deficiencies in members of the retinol dehydrogenase family of enzymes (Maeda et al., 2007; Chrispell et al., 2009) . On the other hand, although A2E was harmful to RPE cells at high concentrations or when oxidized, its phototoxic properties were determined to be insignificant compared to those of ATR (Wielgus et al., 2010) . Accordingly, the endogenous production of A2E likely functions as a mechanism by which the retina is protected against damage elicited by ATR.
In this work, our aim was to investigate the effects of organic solvents on A2E and ATR-dimer. A subordinate goal was to establish proper processes by which these two adducts are obtained and quantified by high-performance liquid chromatography (HPLC).
Materials and methods

Animals
C57BL/6 mice were purchased from the Shanghai SLAC Laboratory Animal Co., Ltd., China, and raised under 12-h on-off cyclic lighting with an in-cage illuminance of 65 lx. 
Syntheses of A2E and ATR-dimer
One-step biomimetic preparation of A2E was carried out according to the procedure of Parish et al. (1998) . ATR-dimer was synthesized from two molecules of ATR in the presence of sodium hydride as published (Fishkin et al., 2005) .
Incubation of pigments in organic solvents
Each pigment was dissolved in dimethyl sulfoxide (DMSO) to make a 10 mmol/L stock solution in 3.7 ml amber glass threaded vials. Final solutions (300 µmol/L) were generated by dilution of 15 µl of stock solutions with 485 µl DMSO, tetrahydrofuran (THF), cyclohexane, chloroform, methanol (MeOH) or ethanol (EtOH). Incubation time was set at 0, 1, 3, 5, and 12 h. All operations were performed under dim red light at room temperature.
HPLC quantification
Samples (30 µl) were subjected to HPLC using an Alliance System (Waters Corp., Milford, MA, USA) equipped with a 2695 separation module, a 2998 photodiode array detector, and a 2475 multi-λ fluorescence detector. For compound elution, an Atlantis dC18 (3 µm, 4.6 mm×150 mm) reverse phase column was used for the stationary phase, and a gradient of acetonitrile in water with 0.1% trifluoroacetic acid (TFA) was set for the mobile phase: 85%-100% acetonitrile, 0.8 ml/min for 15 min; 100% acetonitrile, 0.8-1.2 ml/min for 15-20 min; and, 100% acetonitrile, 1.2 ml/min for 20-40 min. Detection by photodiode array was set at a wavelength of 430 nm. Integrated peak areas (µV·s) were determined using Empower ® 3 software.
Pigment extraction and HPLC analysis
To measure toxic lipofuscin pigments in the wild-type mouse eyecups, four processes were designed. Process I: tissues were homogenized in a v/v solution of phosphate buffered saline (PBS) and 50% methanol chloroform using a 7 ml-scale glass tissue grinder, then transferred to a 15-ml conical centrifuge tube. Following centrifugation at 4000×g for 5 min, the organic layer was placed in a 25-ml round-bottom flask. Residues were collected from three consecutive chloroform extractions. After removal of the combined solvents in a rotary evaporator, the residual material was transferred into a 0.5-ml centrifuge tube with 50% methanolic chloroform, and dried under argon gas. The resulting extract was re-dissolved in 50% methanolic chloroform, and centrifuged at 7500×g for 1 min. The supernatant was examined by HPLC. Process II: by comparison with process I, the minor modification was that the resulting extract was re-dissolved in cyclohexane. Process III: the minor difference from process I was that the resulting extract was re-dissolved in MeOH. Process IV: tissues were homogenized in MeOH using a 7 ml-scale glass tissue grinder, and transferred to a 15-ml conical centrifuge tube. After centrifugation at 4000×g for 5 min, the organic layer was placed in a 25-ml round-bottom flask. Residues were collected from three consecutive MeOH extractions. After removal of the combined solvents in a rotary evaporator, this residual material was transferred into a 0.5-ml centrifuge tube with addition of MeOH, and dried under argon gas. The resulting extract was re-dissolved in MeOH and centrifuged at 7500×g for 1 min. The 50 µl of supernatant was monitored by HPLC. Posterior eyecups (4-6 eyes/sample) harvested from C57BL/6 mice (8 months old) were pooled, and the molecules were obtained and quantified based on processes I-IV. For chromatographic separation, an analytical scale Atlantis dC18 (3 µm, 4.6 mm×150 mm) column was used with a gradient mobile phase consisting of acetonitrile and water in the presence of 0.1% TFA: 75%-90% acetonitrile (0-30 min), 90%-100% acetonitrile (30-40 min), and 100% acetonitrile (40-100 min) with a flow rate of 0.5 ml/min. Photodiode array detection was monitored at 430 nm. Extraction and injection for HPLC were carried out under dim red light. Integrated peak areas (µV·s) were determined using Empower ® 3 software.
Statistical analysis
Data were analyzed by one-way analysis of variance (ANOVA) and Newman-Keul multiple comparison tests (Prism 4, GraphPad Software, San Diego, CA, USA).
Results
Effects of organic solvents on pigments
Given that DMSO was used to make stock solutions of bisretinoid molecules, we first incubated either A2E or ATR-dimer in DMSO for 0-12 h. As depicted in Figs. 2a-2e and Figs. 3a-3e, A2E and ATR-dimer were stable in DMSO on the basis of the height and shape of the peaks in the HPLC chromatograms. Owing to the poor solubility of A2E in cyclohexane, we excluded the case for this nonpolar organic solvent and incubated A2E in THF, chloroform, MeOH, and EtOH for 0-12 h. The resulting solutions were analyzed by HPLC. The data showed that MeOH did not affect A2E (Figs. 4a-4e ), while THF, chloroform, and EtOH obviously altered A2E when mixed (Figs. 2f-2o and 4g-4k) . Incubation of A2E in THF resulted in the release of peaks 1 (λ max , 330 and 420 nm) and 2 (λ max , 330 and 425 nm), and treatment of A2E with chloroform yielded peak 3, absorbing at 336 and 433 nm (Fig. 5) . All of these newly generated peaks were eluted much earlier than the A2E peak in the HPLC chromatograms, indicating that components attributable to peaks 1-3 were more hydrophilic than the parent compound (Figs. 2f-2o ). In the case of ATR-dimer, it was mixed with THF, cyclohexane, chloroform, MeOH, and EtOH for 0-12 h. HPLC analysis of these solutions showed that adverse solvent effects on this fluorophore were not observed in cyclohexane, MeOH, or EtOH (Figs. 3k-3o and 6 ), whereas ATR-dimer was obviously altered when either THF (Figs. 3f-3j) or chloroform (Figs. 3p-3t ) Fig. 2 Chromatographic analysis of A2E incubated in DMSO (a-e), THF (f-j), and chloroform (k-o) Representative reverse-phase HPLC chromatograms of A2E were generated after exposure to organic solvents for 0 (a, f, k), 1 (b, g, l), 3 (c, h, m), 5 (d, i, n), and 12 h (e, j, o). These final solutions (300 µmol/L) were analyzed by reverse-phase HPLC on an Atlantis dC18 column, monitoring at 430 nm. AU: absorbance units; mAU: milli-absorbance units. Peaks 1-3, eluted much earlier than the A2E peak, were formed from incubations of A2E in THF and chloroform. Insets in (k-o) are chromatograms expanded between retention time of 10-16 min 
was added. For THF treatment, one symmetrical peak, eluted slightly earlier than the ATR-dimer peak, absorbed at 290 and 430 nm, which was accordant with the absorbance maxima of ATR-dimer. In contrast, incubation of ATR-dimer in chloroform gave rise to two irregular peaks that were eluted slightly earlier than the ATR-dimer peak during 0-5 h (Figs. 3p-3s ). These two peaks were converted into a broad peak after 12 h incubation (Fig. 3t) .
Quantification of pigments in organic solvents
Quantification of A2E and ATR-dimer incubated with organic solvents in one or three independent experiments revealed that levels of these two adducts were significantly decreased by THF and chloroform (Fig. 7) , but remained invariant in MeOH (Figs. 4f and 6f ). In addition, there was no loss of ATR-dimer in cyclohexane or EtOH (Figs. 6l and 7b ), whereas the mixture of A2E with EtOH caused a significant loss of this fluorophore (Fig. 4l) .
Extraction and quantification of pigments in mouse eyecups
We designed process II to extract and quantify ATR-dimer, and processes III and IV for determination of A2E in eyecups of C57BL/6 mice. Examination of the extracts from posterior eyecups dissected from mice (aged 8 months) indicated that the amounts of ATR-dimer in each eyecup detected by process II were much higher than those detected by process I (Fig. 8a) . As to A2E levels per eyecup, process III, like process IV, released more A2E than process I (Fig. 8b) . Elevated levels of A2E and ATR-dimer per eyecup by processes II-IV reflected that these newly designed processes were more effective than process I. 
Fig. 3 Chromatographic analysis of ATR-dimer incubated in DMSO (a-e), THF (f-j), cyclohexane (k-o), and chloroform (p-t)
Representative reverse-phase HPLC chromatograms of ATR-dimer were obtained after exposure to organic solvents for 0 (a, f, k, p), 1 (b, g, l, q), 3 (c, h, m, r), 5 (d, i, n, s), and 12 h (e, j, o, t). These final solutions (300 µmol/L) were analyzed by reverse-phase HPLC on an Atlantis dC18 column, monitoring at 430 nm. mAU: milli-absorbance units. The asterisks (*) indicated additional components that were generated from the incubation of ATR-dimer with THF and chloroform and were eluted in front of ATR-dimer 
Fig. 4 Chromatographic analysis of A2E incubated in MeOH (a-f) and EtOH (g-l)
Reverse-phase HPLC chromatograms of A2E were generated when exposed to MeOH (a-e) and EtOH (g-k) for 0 (a, g), 1 (b, h), 3 (c, i), 5 (d, j), and 12 h (e, k). These final solutions (300 µmol/L) were analyzed by reverse-phase HPLC on an Atlantis dC18 column, monitoring at 430 nm. mAU: milli-absorbance units. A2E and isoA2E were quantified after incubation in MeOH (f) and EtOH (l) for 0-12 h. Chromatographic peak areas were measured and calculated using Empower ® 3 software 
Fig. 6 Chromatographic analysis of ATR-dimer incubated in MeOH (a-f) and EtOH (g-l)
Reverse-phase HPLC chromatograms of ATR-dimer were obtained after exposure to MeOH (a-e) and EtOH (g-k) for 0 (a, g), 1 (b, h), 3 (c, i), 5 (d, j), and 12 h (e, k). These final solutions (300 µmol/L) were analyzed by reverse-phase HPLC on an Atlantis dC18 column, monitoring at 430 nm. mAU: milli-absorbance units. ATR-dimer was quantified after incubation in MeOH (f) and EtOH (l) for 0-12 h. Chromatographic peak areas were measured and calculated using Empower ® 3 software 
Discussion
In the development of therapeutic approaches to cure Stargardt's disease and AMD, much attention is being given to therapies that reduce the formation of RPE cell lipofuscin constituents (Sieving et al., 2001; Radu et al., 2003; Maiti et al., 2006) . These strategies include gene therapies based on adenoassociated virus-mediated and lentiviral-mediated delivery of the wild-type gene (Allocca et al., 2008) , and systemic administration of compounds that limit the retinoid cycle (Kong et al., 2008) . A2E and ATR-dimer serve as the therapeutic targets and are measured in vivo for the evaluation of remedial effects in all of these preclinical studies. Organic solvents function as a necessary vehicle for obtaining and quantifying these two compounds in the eyes. Based on the foregoing results, we demonstrated that some organic solvents caused distinct alteration of A2E and ATR-dimer. However, we noted that levels of the remaining pigments were not significantly different after incubation for 0-12 h, indicating the presence of an equilibrium between altered pigments and unaffected materials in these organic solvents. In experiments, we also observed that the low solubility of ATR-dimer in DMSO was a barrier to making a stock solution with DMSO. To solve this problem, a small amount of cyclohexane was firstly added to dissolve ATR-dimer, followed by the addition of DMSO. The high boiling-point of DMSO, together with the low boiling-point of cyclohexane, facilitates the removal of cyclohexane by a rotary evaporator. Given that ATR-dimer is poorly soluble in MeOH, processes III and IV are not applicable to the determination of this pigment in the eyes. Understanding the effects of organic solvents on lipofuscin constituents will provide insights into the proper usage of these important fluorophores and facilitate the establishment of rational processes for measuring each endogenous pigment.
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